Introduction {#sec1-1}
============

Gentamicin, an aminoglycoside antibiotic with a wide spectrum of activities, is vastly used in the treatment of Gram-negative bacterial infections. But its usefulness is limited due to its serious side effects such as nephrotoxicity. It has been shown that up to 30% of people who receive a course of gentamicin treatment develop some symptoms of nephrotoxicity ([@ref1], [@ref2]). Although the exact mechanism of gentamicin-induced nephrotoxicity is not well understood, numerous studies have found different pathways involved in this process, including production of reactive oxygen species (ROS) and reactive nitrogen species (RNS), reduction in antioxidant defense, activation of inflammatory processes, contraction of mesangial cells, together with a decrease in renal blood flow, which lead to tubular necrosis, leukocyte infiltration, cellular damages, reduced glomerular filtration rate (GFR) and renal dysfunction ([@ref2]-[@ref5]). Also, it has been shown that gentamicin- induced nephrotoxicity increases numerous pro-inflammatory cytokines including tumor necrosis factor alpha (TNF-α) and intercellular adhesion molecule-1 (ICAM-1) ([@ref6]-[@ref8]). Several studies have demonstrated that compounds with antioxidant and anti-inflammatory properties can reduce gentamicin-induced nephrotoxicity ([@ref9]-[@ref12]).

Crocin, a water-soluble carotenoid, is known as the main ingredient of saffron with antioxidant properties that has protective effects against disturbances induced by ischemia/reperfusion in the brain ([@ref13]), skeletal muscle ([@ref14]) and kidney ([@ref15]) as well as cisplatin-induced acute renal failure ([@ref16]). Also, it has been shown that crocin has anti-inflammatory and analgesic ([@ref17], [@ref18]), anti-atherosclerotic ([@ref19]), anti-platelet aggregation ([@ref20]), and anti-oxidative properties ([@ref16], [@ref21]). In our previous study, we found that crocin 100 mg/kg reduced mRNA expression of TNF-α and ICAM-1 and decreased oxidative stress and thereby, improved kidney function in rats following ischemia and reperfusion (unpublished data).

As explained, oxidative stress and inflammation are two factors contributing to gentamicin-induced nephrotoxicity and regarding the antioxidant and anti-inflammatory properties of crocin, the present study was designed to evaluate the protective effects of crocin against gentamicin-induced renal disturbances in rats.

Materials and Methods {#sec1-2}
=====================

The test protocol {#sec2-1}
-----------------

Male Wistar rats (200--250 g) were housed three per cage at a controlled temperature (23±2 °C) and exposed to artificial 12 hr/12 hr light/dark cycle. Rats were allowed to access to food (pellets) and water, *ad libitum*. All procedures were done according to international guides for the care and use of laboratory animals (8^th^ Edition), and all efforts were made to minimize the number of animals used and their suffering. Animals were randomly divided into 4 groups of 8 rats. The total test period was 12 days, during which the first group (saline-saline) received normal saline intraperitoneally at the same volume as the drugs received by other groups. The second group (saline-crocin) had a similar protocol; however, in addition to saline, they also received crocin (Sigma, London, UK) 100 mg/kg body weight per day, IP. The third group (saline-gentamicin) received intraperitoneal gentamicin injection (Caspian, Iran) for 7 days from the 6^th^ to 12^th^ day at 100 mg/kg body weight, IP. The fourth group received crocin from the first to the last day of the experiment and gentamicin from the 6^th^ to 12^th^ day (Crocin-gentamicin group).

At the end of experiment, the animals were anesthetized with ether and blood samples were collected from abdominal aorta for determination of creatinine and urea-nitrogen concentrations. Then, the right kidneys were removed and immediately frozen in liquid nitrogen for the evaluation of oxidative stress by malondialdehyde (MDA) and ferric reducing/antioxidant power (FRAP) assay. Also, the left kidneys were removed and preserved in formalin 10% for hematoxylin and eosin staining and histological studies. At the end, the animals were sacrificed by deep anesthesia ([@ref22]).

Measurement protocol {#sec2-2}
--------------------

Plasma creatinine and urea-nitrogen concentrations were measured by autoanalyzer (Technicon, RA-1000, USA). To assess oxidative stress, MDA and FRAP values in renal tissue were measured as previously explained in detail ([@ref23]-[@ref24]). The value of MDA, as an index of lipid peroxidation, was determined according the Ohkawa *et al* method ([@ref25]). This method is based on the reaction of MDA with thiobarbituric acid (TBA) at acidic pH and high temperature, which results in a pink complex with a maximum light absorption at wavelength of 532nm. Also, Benzie and Strain method was used for the measurement of FRAP ([@ref26]). This method is based on the ability of plasma or tissue extracts in reducing Fe^3+^ ions to Fe^2+^ in the presence of 2,4,6-tris (2-pyridyl) -s-triazine (TPTZ). At low pH, the reduction of Fe^3+^-TPTZ to ferrous produces a blue complex with maximum light absorption at the wavelength of 593 nm. All used chemicals were purchased from Sigma (Sigma, London, UK).

In order to assess tissue damages and leukocyte infiltration, all the slides stained with H & E were studied by an expert pathologist using light microscope. Bowman\'s space size and glomerular diameter were measured using light microscope and scaled ocular lens. Tissue damages were graded in terms of glomerular atrophy, cellular desquamation, tubular necrosis and fibrosis, epithelial oedema of proximal tubules, perivascular edema, vascular congestion and intra-tubular proteinaceous casts. To classify tissue damages, the decrease in glomerular diameter in the group with the most severe changes, in comparison to the sham group, was considered as the 100% damage and in other groups the changes were scored accordingly. Other cell damages were calculated as the percentage of the total area observed under the microscope. Damage scoring was as follows: no damage was considered as zero, 1-20 % damage as grade 1; 21-40 % as grade 2; 41- 60 % damage as grade 3, 61-80 % as grade 4 and 81-100 % as grade 5. Finally, the total histopathologic score was calculated which was equal to the sum of all different degrees of damages. In addition, the slides were studied to determine leukocyte infiltration in kidney tissue. For this purpose, the number of leukocytes in 20 microscopic fields (each one 0.14 mm^2^) was counted, and the average was used to estimate the quantity for each mm^2^ ([@ref27], [@ref28]).

Statistical analysis {#sec2-3}
--------------------

The data were expressed as mean±SEM. Comparisons of the measured parameters among different groups were make using one way ANOVA followed by Duncan\'s *Post hoc* test, and LSD test was used to determine the exact *P*-value. To compare the total histopathological scores among different groups, non-parametric Kruskal-Wallis multiple comparison and Mann Whitney tests were used. All analyses were done by SPSS-18 software and significance level was accepted at *P*\<0.05.

Results {#sec1-3}
=======

The effect of crocin on gentamicin induced renal functional disturbances {#sec2-4}
------------------------------------------------------------------------

Crocin administration to saline-crocin group could not change plasma creatinine and urea-nitrogen concentrations in comparison with saline-saline group ([Figure 1](#F1){ref-type="fig"}). Gentamicin led to significant increase in creatinine and urea-nitrogen concentrations in saline-gentamicin group as compared to saline-saline group (*P*\<0.001 for both). The administration of crocin could significantly decrease creatinine and urea-nitrogen concentrations as compared to saline-gentamicin group (*P*\<0.001 for both). However, creatinine and urea-nitrogen concentrations were still significantly higher than those in saline-saline group.

![Effect of crocin on plasma creatinine (A) and urea-nitrogen (B) concentrations following gentamicin-induced nephrotoxicity in rats which received normal saline (saline-saline), crocin (saline-crocin), gentamicin (saline-gentamicin) or crocin plus gentamicin, (crocin-gentamicin), n=8. \*\*\* *P*\<0.001, as compared to saline-saline group. ^†††^*P*\<0.001, for comparison between crocin- gentamicin and saline-gentamicin groups](IJBMS-19-337-g001){#F1}

The effect of crocin on oxidative stress caused by gentamicin {#sec2-5}
-------------------------------------------------------------

The MDA and FRAP levels in saline-crocin group were not significantly different from those in saline-saline group ([Figure 2](#F2){ref-type="fig"}). Gentamicin significantly increased tissue MDA level in saline-gentamicin group compared to saline-saline group (*P*\<0.01). Crocin administration caused a significant reduction in MDA level (*P*\<0.05), so that it reached MDA value in saline-saline group. Also, the value of FRAP in kidney tissue of saline-gentamicin group was equal to 5.26±0.25 μmol/g kidney weight which was significantly lower than that in saline-saline group (*P*\<0.001). In crocin-gentamicin group, FRAP level raised to 7.25±0.28 μmol/g kidney weight, which was significantly higher than that in saline-gentamicin group (*P*\<0.001).

![Effect of crocin on (A) renal tissue malondialdehyde (MDA) and (B) ferric reducing/antioxidant power (FRAP) levels following gentamicin-induced nephrotoxicity in rats which received normal saline (saline-saline), crocin (saline-crocin), gentamicin (saline-gentamicin) or crocin plus gentamicin (crocin-gentamicin), n=8. \*\*\* *P*\<0.001, as compared to saline-saline group. ^†††^*P*\<0.001, for comparison between crocin- gentamicin and saline-gentamicin groups](IJBMS-19-337-g002){#F2}

The effect of crocin on gentamicin-induced renal tissue damages {#sec2-6}
---------------------------------------------------------------

Histopathological study revealed that gentamicin reduced the glomerular diameter in saline-gentamicin group compared to saline-saline group, which represented glomerular atrophy ([Figure 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Moreover, gentamicin caused a marked increase in cellular desquamation, tubular necrosis and fibrosis, epithelial oedema of proximal tubules, perivascular edema, vascular congestion and intra-tubular proteinaceous casts. Pretreatment with crocin could alleviate this damages in such a way that the total histopathologic score which had significantly increased by gentamicin (*P*\<0.05), was markedly decreased by crocin to its level in saline-saline group ([Table 1](#T1){ref-type="table"}). As shown in [Figure 4](#F4){ref-type="fig"}, gentamicin led to a mild infiltration of leukocytes into the renal interstitium which was markedly reduced after crocin administration.

![Histopathologic alterations in cortical area of rat kidneys following gentamicin administration and the effect of crocin on them in (A) saline-saline, (B) saline-crocin, (C) saline-gentamicin and (D) crocin-gentamicin groups. (Haematoxylin and eosin, 400x)](IJBMS-19-337-g003){#F3}

###### 

Effects of crocin administration on renal histopathologic scores induced by gentamicin

  Histopathology                          Experimental groups                                                  
  --------------------------------------- --------------------- ------ --------------------------------------- --------------------------------------
  Glomerular atrophy                      0                     0.25   5                                       0.25
  Cellular desquamation                   0.75                  0.25   3.75                                    1.75
  Tubular necrosis                        0                     0      2.5                                     0.5
  Tubular fibrosis                        0                     0      1.5                                     0.25
  Epithelial oedema of proximal tubules   0                     0.5    2.25                                    0.5
  Perivascular edema                      0.5                   0.75   3.5                                     1.5
  Vascular congestion                     0                     1      2.75                                    0.9
  Intra-tubular proteinaceous casts       0                     0      2.9                                     0.85
  Total histopathologic score             1.25                  2.75   24.15[\*](#t1f1){ref-type="table-fn"}   6.5^[†](#t1f2){ref-type="table-fn"}^

Histopathological scores in rats which received normal saline (saline- saline), crocin (saline-crocin), gentamicin (saline -gentamicin) or crocin plus gentamicin (crocin- gentamicin)

*P*\<0.05, as compared to saline-saline group

*P*\<0.05, for comparison between crocin- gentamicin and saline-gentamicin groups

![Leukocytes infiltration in cortical area of rat kidneys following gentamicin administration and the effect of crocin on it in (A) saline-saline, (B) saline-crocin, (C) saline-gentamicin and (D) crocin-gentamicin groups. (Haematoxylin and eosin, 400x)](IJBMS-19-337-g004){#F4}

Discussion {#sec1-4}
==========

In this study, for the first time, we investigated the protective effects of crocin against gentamicin-induced renal functional disturbances, oxidative stress, and tissue damages in rats. The results showed that intraperitoneal administration of crocin could improve gentamicin-induced nephrotoxicity in rats. In the present study, gentamicin administration caused multiple histological damages and leukocytes infiltration ([Table 1](#T1){ref-type="table"}). Several experimental evidence have suggested that gentamicin causes cell damage in the kidney by stimulating ROS production ([@ref29]-[@ref32]). Moreover, when exposed to ROS, the kidneys of the rats that received gentamicin, suffered more because of reduced antioxidant defense system enzymes ([@ref33]). Cellular damage and necrosis, in turn, stimulate the inflammatory processes and ICAM-1 recruitment, which exacerbates the leukocytes migration to the injured site ([@ref4]). In this study, gentamicin increased renal tissue MDA and decreased the FRAP values, which shows increased ROS production and decreased antioxidant defense power. Gentamicin also caused a mild leukocytes infiltration into interstitium. Crocin administration could relieve all cell damages induced by gentamicin. It seemed that crocin, due to its known antioxidant properties, inhibited the production of ROS and thereby, prevented the fragmentation of DNA and ultimately reduced cell necrosis ([@ref21], [@ref34]). On the other hand, reduced cell necrosis and exfoliation into the tubular lumen, in addition to alleviating the inflammatory processes and leukocyte recruitment, opened the tubular flow which in turn improved the glomerular filtration rate, resulting in improved renal functional parameters. In line with this hypothesis, Hosseinzadeh and colleagues in their study on mice, demonstrated that the administration of crocin could decrease methyl methane sulfonate-induced DNA damage ([@ref34]). It has also been shown that crocin has anti-inflammatory properties. In the study conducted by Nam *et al*, crocin by reducing the release of TNF-α, IL-1β, and reactive oxygen species and reducing the activation of NF-κB, exerted its anti-inflammatory effects in cultured glial cells ([@ref17]). Therefore, it seemed that crocin, due to its antioxidant properties, reduced cellular damages in kidneys which together with its anti-inflammatory properties, limited leukocytes infiltration.

In the present study, gentamicin administration resulted in a marked increase in plasma creatinine and urea-nitrogen concentrations ([Figure 1](#F1){ref-type="fig"}), which was in line with the results of previous studies ([@ref35]-[@ref36]). Since plasma creatinine concentration is inversely related to GFR, it seems that increased plasma creatinine concentration was due to a decrease in GFR ([@ref37]). It has been shown that gentamicin by increasing renal vascular resistance and tubular necrosis, and decreasing glomerular ultrafiltration coefficient (Kf), reduces GFR ([@ref2]). Crocin could reduce plasma creatinine and urea-nitrogen concentrations. By reducing oxidative stress and cellular damages, crocin may have weakened the GFR reducing parameters and consequently improved plasma creatinine and urea-nitrogen concentrations. In a study conducted by Xuan *et al*, they also found that crocin increased choroids and retinal blood flow ([@ref38]). Similarly, crocin probably had vasodilator effects in the kidneys and by increasing renal blood flow and correcting GFR, decreased plasma creatinine and urea-nitrogen concentrations.

Conclusion {#sec1-5}
==========

Our findings have provided strong evidence that crocin has protective effects against gentamicin-induced nephrotoxicity in rats. This protective effect might be due to its antioxidant and anti-inflammatory properties or other pathways which require further studies.
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